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1. Introduction
1.1. Self-organized materials
Self-organization of polymers to achieve nanoscale structures has been widely
studied. Examples of such systems are liquid crystalline polymers (1), block
copolymers (2) and polymer-amphiphile complexes (see for example (3-7)). They
form nanostructures due to repulsive and attractive forces within the system. 1
Probably the most common self-organized polymers are diblock copolymers,
which consist of two polymer blocks A and B, which are covalently bonded to each
other. Due to repulsive forces between them, the material microphase separates to
form nanostructures such as spherical, cylindrical and lamellar structures (2).
A more complicated example is polymer-amphiphile complex where the
amphiphiles are bonded to the polymer backbone via physical bonding such as
ionic, coordination or hydrogen bonding (3-5, 8-11). Due to the physical nature of
this bonding, there must be equilibrium between the attraction i.e. the strength of
the polymer-amphiphile interaction and repulsion between the polar polymer
backbone and nonpolar alkyl tail. If either the repulsion or attraction is too weak,
the self-organized structure cannot be formed.
In this work we have used two types of materials. The first one is a polymeramphiphile complex which consists of a polymer backbone with amphiphiles
attached via hydrogen bonging or ionic bonding to each repeat unit of the backbone
resulting in comb-shaped supramolecules which self-organize typically into
lamellar structures (9, 12, 13).

Figure 1. Scheme of a self–organized polymer-amphiphile complex. The
polymer has recognition sites, where the amphiphiles are attached via e.g.
hydrogen bonding to form comb-shaped supramolecules. Due to repulsive
forces between polymer backbone and tails of amphiphiles the self-organized
structure is formed.
The second type of structure is formed when a block copolymer structure and
polymer-amphiphile structure are combined. In this case the block copolymer is
chosen so that one block B can form a polymer amphiphile complex whereas block
A cannot, which leads to a hierarchical self-organized structure. The larger
structure has the periodicity of 200-1000 Å and the smaller structure 20-50 Å
(Figure 2). Depending of the block lengths, the resulting structure can be lamellarwithin-lamellar, lamellar-within-cylinder, lamellar-within-spheres etc. (11, 14, 15).
1

Self-organization within the present context means the same as microphase separation
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Figure 2. A scheme for hierarchical nanostructures. A block copolymer
structure is combined with a polymer –amphiphile structure resulting in
nanoscale structures with the larger structure having a periodicity of 200-1000
Å and the inner structure of 20-50 Å. TEM picture by J. Ruokolainen.

1.2. Oscillatory shear flow
An aim has been to combine self-organization and functionalities in order to
achieve new kinds of polymeric materials. A problem has been that selforganization does not, as such, have macroscopic order (for example TEM picture
in Figure 28) and therefore the local structures need to be aligned (Figure 3).
Several methods have been proposed and used to achieve “single crystal -like”
structures in these materials. External fields such as electric (16-19), magnetic (20)
and in particular flow fields have been studied.

Figure 3. Schematic picture of a self-organized material before and after
alignment
Studies have been done for block copolymers poly(ethylene-propylene)poly(ethylethylene), PEP-PEE and polystyrene-polyisoprene, PS-PI. Alignment
diagrams have been presented for both materials (Figure 4) where the final
alignment depends on the temperature and frequency used. There are four different
regimes with different final alignments and aligning mechanisms (21-23). In the
low frequency regime the final alignment tends to be parallel to the shearing plates
(24-26) in some systems e.g. in PEP-PEE, whereas for some systems e.g. PS-PI
regime I is not observed (21, 27, 28). The parallel alignment in regime I is due to
such a low shear frequency that the polymer chains and lamellae are fully relaxed
and shearing only deforms the domains and disturbs the defects between them (23).
In the intermediate frequency regime (II) the final alignment is perpendicular. This
regime is found close to the order-disorder transition temperatures of the structure.
It has been suggested that the perpendicular orientation in the intermediate
frequency regime is due to destruction and reorganization of the lamellar structure
(22-25). In the regimes III and IV the final alignment is parallel but the routes are
different. In the regime III there are first both perpendicular and parallel alignments
present but the strength of mechanism towards the parallel alignment increases
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more rapidly with strain amplitude resulting in the parallel alignment (29, 30). In
the regime IV the resulting parallel alignment grows from the biaxial parallel
transverse orientation. It was suggested that this is due to an entanglement effect
and elongation of chains (31).
Between regimes I and II, as well as between II and III there are characteristic
frequencies, ωc and ωd. ωc describes the frequency below which the dynamical
properties are controlled by the microdomain structure and the time-temperature
superposition principle may not apply (24). The other characteristic frequency ωd
has been less studied (22, 24), but it can be associated with the crossover between
regimes I and II (22).
Various methods have been used in this field: light scattering together with exsitu transmission electron microscopy, TEM and (21, 23, 26, 28-30, 32) small angle
X-ray scattering, SAXS (31, 33-37) as well as small angle neutron scattering
(SANS) in-situ and ex-situ (24). An excellent review is presented by Chen and
Kornfield with more details (23).

Figure 4. A scheme for different frequency regimes found for PEP-PEE and
PS-PI. Regime I is not observed for PS-PI.
Liquid crystalline polymers under shear flow have been widely studied (e.g. ref.
(1)). However, there are only few studies on the flow of side chain liquid crystalline
polymers (38-42), which are more related to the present material. The disadvantage
in orienting side chain liquid crystalline polymers using an oscillatory shear flow
seems to be the quick relaxation of the material. As soon as the shear flow is
removed the material tends to unalign again (40).

1.3. Protonically conducting polymers
Ionically conducting polymeric materials have been under interest because of their
potential for various electrochemical applications such as high energy density
batteries and polymer fuel cells (43). Poly(ethylene oxide), PEO, and
poly(propylene oxide), PPO, based electrolytes are widely studied because they
form complexes with alkali metal (such as Lithium) salts (44-46). Protonically
conducting membranes of polymeric perfluorinated ionomers (such as Nafion and
Dow) are one of the best-known fuel cell membrane material with high chemical
stability. The main disadvantages in these materials are their high price and the
production process, which includes strongly toxic and environmentally unfriendly
intermediates. A recent review on fuel cell membranes is in ref. (47). Also several
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other proton-conducting materials have been studied especially acid-base
complexes e.g. ref. (48-51).
Polymer electrolytes characteristically show improved conductivity at elevated
temperatures. In most cases the conductivity obeys either Arrhenius law or VogelTamman-Fulcher (VTF) equation.
Usually at low temperatures such as below and close to the glass transition
temperature, Tg, the conductivity obeys the Arrhenius law

σ=

A
exp(− Ea / kT ) ,
T

where Ea is the activation energy. This formula has been derived in e.g. ref. (52)
based on the self-diffusion in a single crystal.
Above Tg and for materials, which are amorphous throughout the available
temperature range, the material usually follows the VTF formula

σ =

A
T

exp(− B /(T − T0 )) ,

where B is a pseudo activation energy related to the segmental motions of the
polymer, A is a constant and T0 is typically 30-50°C below Tg and is called
equilibrium glass transition temperature (53, 54). More details on VTF equation are
found in ref.(52).
Three most typical forms of conductivity behavior of polymer electrolytes are
(55): a) material with VTF behavior throughout the available temperature range, b)
Arrhenius behavior at low temperatures and VTF at high temperatures and c)
Arrhenius type of behavior throughout the whole temperature range with a clear
decrease of the activation energy around the Tg. A more detailed treatment of the
different conductivity mechanisms in polymer electrolytes can be found in ref.(55).

1.4. An outline of this Thesis
In this Thesis we have studied self-organization of comb-shaped supramolecules
i.e. polymer-amphiphile complexes (Figure 1) and hierarchically self-organized
supramolecules i.e. block copolymer amphiphile complexes (Figure 2) in an
oscillatory shear flow. We have also studied the conductivity of such structures. We
start with the Articles I-II, which describe self-organized hierarchical polymeric
materials with peculiar conductivity behavior allowing temperature control of
conductivity. However, this structure is not macroscopically aligned and therefore
the conductivity is isotropic throughout the sample. In order to macroscopically
align this material and study the conductivity through different nanoscale layers we
investigate these hierarchical structures under the shear flow (Articles III-V). In
Article V we have combined the knowledge in order to achieve anisotropic
conductor to show tridirectional conductivity i.e. material, which has different
conductivity values in the three spatial directions. We also show that this has a
connection to the hopping conductivity in the material. This covers this work as
reported in Articles I-V. We have also used the related principles to achieve
mesoporous materials, which are described in Article VI.
Chapter 2 represents the materials used. In Chapter 3 we briefly describe the
two-dimensional SAXS setup and the principle of the rheological measurements.
The rest of Chapter 3 concentrates on the AC-impedance method and the
experimental setup used.
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The main results of Articles I-V are presented in Chapter 4. The results are
presented with a short overview of related work done in the field. Chapter 5 shows
an approach to prepare mesoporous materials based on the hierarchical selforganization of supramolecular materials. Conclusions and some future prospects
are presented in Chapter 6.
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2. Materials
The abbreviations of the materials used are listed in Table I
Table I. Abbreviations of materials used
Materials
polystyrene
poly(4-vinylpyridine)
n-pentadecylphenol
methanesulphonic acid
p-toluenesulphonic acid

Abbreviation
PS
P4VP
PDP
MSA
TSA

The complexes were prepared by dissolving all the components into common
solvent followed by its evaporation. More details are presented in Articles I-VI.
The materials used in this Thesis can be divided in two different ways. The first
division is based on the structure. The materials with only one self-organized
supramolecular structure are in one group and hierarchical supramolecular
materials in another (Table II). The second division is based on the conductivity.
One group is formed by the protonically conducting structures and the other group
by the nonconducting structures (Table II).
Table II. Nomenclature for complexes, the conducting materials are marked as*.
Name
Self-organized supramolecule

Complex
P4VP(MSA)1.0PDP1.0 *
P4VP(TSA)1.0PDP1.0 *
P4VP(PDP)1.0

Hierarchical self-organized
supramolecule

PS-block-P4VP(MSA)1.0PDP1.0 *
PS-block-P4VP(TSA)1.0PDP1.0 *
PS-block-P4VP(PDP)1.0

The chemical formulas are presented in Figure 5 in the same order than they are
introduced in Chapter 4.
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Figure 5. Chemical formulas of materials studied in Articles I-VI.
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3. Experimental methods
In this section we first briefly describe the Small-Angle X-ray Scattering (SAXS)
and the rheological experiments. The rest of this section concentrates on the details
of the AC-impedance method, and the experimental setup used.

3.1. In-situ and ex-situ SAXS
The Small Angle X-ray Scattering (SAXS) measurements were performed at
different laboratories. The measurements in Articles I-II were done at the
University of Helsinki in collaboration with Docent Ritva Serimaa, whereas the
measurements in Articles III and IV were done at Max-Planck Institute for Polymer
Research in collaboration with the group of Professor Manfred Stamm (Mainz
Germany) and at University of Groningen, in collaboration with the group of
Professor Gerrit ten Brinke (the Netherlands). Measurements in Articles V and VI
were at the University of Groningen. The details of the setup at Helsinki are
presented in Articles I and II.
At Max Planck Institute for Polymer Research the changes of structure was
measured in-situ under the shear flow. The schematic of the setup is shown in
Figure 6. The rheometer was placed in such a way that the beam penetrated the
sample at approximately 1 mm from the rim. The direction of the beam was
therefore the same as the flow direction, i.e. tangential. As a result, we were able to
determine the changes of the structure during shearing the sample. More details are
presented in Articles III and IV.

Figure 6. Schematics of in-situ SAXS measurement. The X-ray beam
penetrates the sample approximately 1 mm from the outer rim. The changes of
the x-ray pattern are monitored. The figure in the right shows the directions
used throughout this Thesis. 1 is the flow direction (tangential), 2 is the shear
gradient direction (normal), and 3 is neutral direction (radial) pointing from the
center of the tablet to the rim.
After shearing the sample was cooled down and removed in order to measure
the SAXS patterns in the three directions. In Figure 7 there is an example of such
measurement with P4VP(TSA)1.0(PDP)1.0, showing a parallel orientation. In
Groningen it was not possible to make simultaneous SAXS and rheology and
therefore the measurements were done only ex-situ. More details of the
measurement setup at University of Groningen are presented in Articles IV-VI.
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Figure 7. Schematics of ex-situ SAXS experiment. X-ray patterns are taken in
three directions in order to determine the final structure. The units of the
scattering vector q are in 1/Å.

3.2. Rheological measurements
The rheological measurements were performed with different setups of dynamic
rheometer with plate-plate and cone-plate geometries using various temperature
profiles (Articles III-VI for details). Figure 8 represents the schematics of the
oscillatory shear flow. The material is placed between two plates and heated to the
desired temperature. The other plate oscillates with a selected frequency and strain
amplitude resulting increase of macroscopic alignment. Depending on the
temperature, oscillation frequency, and strain amplitude, the resulting alignment in
the case of lamellar structure may be parallel (i.e. the layer normals along the shear
gradient direction), perpendicular (the layer normals along the vorticity direction)
or transverse (the layer normal along the flow direction) or combinations of them.

Figure 8. Schematics of the setup using parallel plate geometry and the three
orientations observed in the case of block copolymers. Depending on the
temperature, frequency and strain used, the final alignment can be parallel,
perpendicular, or transverse.
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3.3. On the protonic conductivity measurements
Various methods have been used to measure conductivity properties (see e.g. ref.
(43, 56-59). In electronic conductors most common method is four-point
measurement with a direct current (DC). Its advantages are that the measurement
wires and the contact resistance do not play a role and the measurement system is
simple. However, it ideally requires samples that are long compared to their cross
section.
Another method is an alternating current (AC) impedance measurement. It is
more complicated and needs some knowledge of the theory. On the other hand the
AC-impedance method can be applied also to ionically conducting materials giving
more information about the nature of the conductivity. In this work there was also
another advantage in using the AC-impedance method: because the samples were
aligned we wanted to measure the conductivity in specific directions. Due to
relatively small and nearly rectangular (1 mm x 1 mm x 2mm) samples, the most
convenient way to measure the conductivity was to place the sample between two
electrodes. The disadvantage in the AC-impedance system is due to the errors
caused by the contact resistance between the platinum electrodes and the sample.
However, when relatively high frequencies are used (such as 1 kHz) the effect of
the contact resistance is negligible as will be discussed shortly. Another
disadvantage is due to two-probe measurement setup where the measurement wires
give their part into the measured resistance. However, the conductivity levels of all
the materials discussed in this Thesis are low compared to the conductivity of the
wires and therefore the error was found to be negligible.

Figure 9. A) In the AC-impedance method a sinusoidal voltage is applied and
the current passing through the sample is measured. B) Impedance spectrum
presented in complex plane. Z’ and Z’’ represents the real and imaginary
components of impedance Z*.
In AC-conductivity measurements a sinusoidal voltage is applied and the
current passing through the sample is measured. As a result impedance Z* 2 is a
2
Some authors have used different formalism when presenting the AC impedance results based on
admittance (Y*), permittivity (ε*) and electric modulus (M*), which all are related to Z* with the
following formulas

Y* =

1

= jωC0ε *
Z*
1
= jωC0 Z * ,
M* =
*
ε

where the angular frequency ω = 2πf and C0 is the vacuum capacitance of the cell
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complex presentation of the ratio of voltage and current maxima, Z = Vmax / Imax
and phase angle θ, the phase difference between voltage and current (Figure 9 a).
The result may also be represented in a complex plane with Z* = Z’-jZ’’ (Figure 9
b).
In the AC impedance measurement the impedance is measured as a function of
frequency. The impedance spectrum is typically presented in the Z’, Z’’-complex
plane. It is possible to construct an equivalent electrical circuit consisting of
resistors and capacitors, which have the same frequency response as the measured
material (for example Figure 10). These equivalent circuits give us further
information on the conduction processes in the material.

Figure 10. The Z’, Z’’ or resistance-reactance curve for a resistor and capacitor
connected in parallel. The arrow shows the direction of the increasing
frequency.
It is possible to distinguish three regimes from the conductivity versus
frequency plot3 (Figure 11) (60). The first regime is in the low frequency I and can
be attributed to the electrode polarization. In the middle frequency regime II the
conductivity is frequency independent corresponding to DC conductivity.

Figure 11. An example of conductance, G, 3 as a function of frequency.

3

Conductance G and conductivity σ are connected by σ =

the cross-sectional area of the sample.

l
G , where l is the thickness and A is
A
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In the high frequency regime III the frequency obeys Jonscher’s Universal
Power law (61):

σ (ω ) = σ (0) + Aω n ,
where A, n, and σ(0) are temperature-dependent material parameters and n is
limited to 0 < n < 1.
Almond and West (62) determined the hopping frequency ωp of the charge
carriers using equation:

σ (0) 
ωp = 
 A 

1/ n

.

ωp is characteristic frequency associated with the frequency of the dielectric loss
peak and it is assumed to be thermally activated (60). The hopping frequency is
determined from the point where the conductivity is σ (ω ) = 2σ (0) .

3.3.1.

Experimental setup for conductivity measurements

Conductivity measurements were performed at the frequency region 0.01-10 000
kHz (see Articles I-II and V for more details). The Nyqvist plots (i.e. Z’, Z’’) of the
materials showed typical semicircle behavior, which can be described by resistor
and capacitor in parallel such as shown in Figure 10. The conductivity was
determined at 1 kHz frequency which was found to be in regime II of Figure 11 and
corresponds to the DC-resistance of the resistor in the model circuit.
The conductivity measurements in the Articles I and II were performed using
measurement chamber illustrated in Figure 12 A. The sample was placed on top of
golden electrodes and another glass plate was glued using epoxy in order to exclude
the errors due to atmospheric exposure of humidity.

Figure 12. The conductivity measurement setup used in A) Articles I-II and B)
Article V.
The conductivity measurements in the Article V were performed in the
measurement chamber illustrated in Figure 12 B. In this improved setup the sample
was placed between two platinum plates and surrounded with teflon. The heating
blocks above and below the sample were insulated from the sample by teflon and
the temperature was regulated by Linkam TMS91 temperature controller.
The contact resistance was minimized by heating the samples above the glass
transition temperature of the harder part of the material (i.e. PS) before the
measurements were performed. The effect of water was minimized by closing the
sample.
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4. Towards anisotropic conductors based on selforganization
In this Chapter we represent the main results of Articles I-V. We have considered
self-organization of polymeric supramolecules with and without protonically
conducting structures, applied oscillatory shear flow to achieve alignment of the
local self-organized structures and investigated the resulting conductivity properties
of the material.

4.1. Conductivity of P4VP(MSA)1.0 and P4VP(TSA)1.0
polysalt
Protonically conducting materials were discussed in Section 1.3. We have used a
method to achieve protonically conducting materials based on acid- base complexes
(47, 48). All of the the materials described in Figure 5 contain P4VP which has
nitrogen in the aromatic ring. This nitrogen can make ionic bonding with strong
acids by accepting a proton. We chose MSA to make our first model material
because it is the simplest sulphonic acid. The conductivity is of Arrhenius type with
activation energy of 0.51 eV (Figure 13). This polysalt is hard and brittle but as it is
very hygroscopic, within 5 minutes under atmospheric conditions the material turns
soft due to adsorbed water. In order to minimize the amount of water in the
conductivity measurements the P4VP(MSA)1.0 was dried at 60°C in vacuum for 24
hrs and stored in desiccator before the measurement. However, we do not expect
that completely anhydrous state can be achieved by vacuum drying. When
P4VP(MSA)1.0 was further complexed with PDP the hygroscopic nature of material
was reduced. The resulting material P4VP(MSA)1.0PDP1.0 (Figure 5 case A) forms
a lamellar structure, which becomes disordered above order-disorder transition
(ODT) at 100°C.

Figure 13. A) Conductivity of P4VP(MSA)1.0 as a function of temperature. B)
Conductivity of P4VP(TSA) 1.0 as a function of temperature. The polysalt is
made from chloroform.
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For the Article V we chose TSA instead of MSA, which was used in Articles III. This was due to several reasons. TSA is less hygroscopic and has greater thermal
stability which both made shearing at high temperatures for long time possible. The
formed complexes P4VP(TSA)1.0PDP1.0 (Figure 5) had higher order-disorder
transition temperatures (140°C) than complexes made from MSA (100°C). This
made the alignment under the shear flow possible both above and below the orderdisorder transition temperature of P4VP(TSA)1.0PDP1.0. In addition, the phase
behavior of PS-block-P4VP(TSA)1.0PDP1.0 was less complicated than of PS-blockP4VP(MSA)1.0PDP1.0 which made the TSA based sample easier to handle.
The conductivity of P4VP(TSA)1.0 as a function of temperature is presented in
Figure 13. The conductivity of the polymer salt P4VP(TSA)1.0 is improved when
the degree of crystallinity of the salt was reduced. Two solvents were used to
prepare the samples: dimethylformamide (DMF) and methanol. Because of the high
boiling point of DMF, it cannot be fully extracted from the material and thus it acts
as a plasticizer. It is well known from the literature that plasticizers reduce the
crystallinity of the materials and thus enhance the conductivity (43, 46, 63). Indeed,
the conductivity was found to be 4 decades lower in the case of polysalt made from
methanol than in the polysalt made from DMF. Also the activation energy was
greatly decreased from 1.8 eV to 0.5 eV when the solvent was changed form
methanol to DMF.
For P4VP(TSA)1.0 the drying procedure is explained in detail in Article V.

4.2. Hierarchical self-organized supramolecules based on
P4VP(MSA)1.0 polysalt (Articles I and II)

Figure 14. Schematic illustration of P4VP(MSA)1.0(PDP)1.0 (case A) and PSblock- P4VP(MSA)1.0(PDP)1.0 (case B) and their chemical formulas.
The conductivity of the P4VP(MSA)1.0 –salt showed a typical Arrhenius kind of
behavior with activation energy of 0.51 eV (Figure 13). However, when the selforganized structure is formed in the case of P4VP(MSA)1.0PDP1.0 (case A), the
conductivity properties are changed. At low temperatures i.e. below 140°C (Figure
15) the conductivity obeys a VTF equation with pseudo activation energy of 0.16
eV and temperature of 199 K. While the temperature is further raised and a
macrophase separation occurs (Figure 2 of Article I) the conductivity drops
suddenly as shown in Figure 15. This is probably due PDP forming insulating areas
hindering the conducting pathways. When the material becomes miscible but
disordered around 190°C, the conductivity starts to increase again.
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Figure 15. Conductivity of P4VP(MSA)1.0PDP1.0 as a function of temperature
The achievement of the hierarchical order makes also the conductivity behavior
more complex. In the PS-block-P4VP(MSA)1.0PDP1.0 when the molecular weights
have been properly selected. There is a larger lamellar structure between PS and
P4VP(MSA)1.0PDP1.0 and a smaller lamellar structure inside of the
P4VP(MSA)1.0PDP1.0 (Figure 14 case B). Using related materials it was found by
TEM that the smaller structure tends to orient perpendicular to the large structure
(Article I).
The changes of such hierarchical structures are presented in detail in Article I.
The schematic pictures of the phases as a function of temperature are presented in
Figure 16 together with the conductivity data. At low temperatures the conductivity
is along the nanoslabs of P4VP(MSA)1.0. Upon heating, the conductivity of PSblock-P4VP(MSA)1.0PDP1.0 increases suddenly when the order-disorder transition
(ODT) of the small structure (i.e. P4VP(MSA)1.0PDP1.0 ) appears (Figure 16). Now
the conductivity is along the layers of P4VP(MSA)1.0PDP1.0. When the temperature
is further raised, the hydrogen bonds become weaker and at the same time the PDP
becomes miscible in the polystyrene domains. As a result the structure is changed
into the cylindrical morphology with conductivity along the cylinders. This
conductivity behavior is essentially reversible (Figure 17) during heating and
cooling. Because the sample was heated to 220°C the reversibility is not perfect
probably due to some degradation.
All the samples were unoriented, which means that the conductivity properties
were averages over all three directions. The structure is locally ordered but there is
no overall orientation. To distinguish the conductivity properties along the different
directions inside the material, it is necessary to achieve globally ordered samples.
This is the motivation for the rest of the work.
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Figure 16. The conductivity behavior of unoriented PS-blockP4VP(MSA)1.0PDP1.0 as a function of temperature. When the temperature is
raised first the small structure becomes disordered resulting in an increase in
the conductivity. When the temperature is further increased, the amphiphiles
become soluble in the PS part and an order-order-transition to a cylindrical
phase occurs. The conductivity is decreased due to this phase change.

Figure 17. Conductivity of PS- block -P4VP(MSA)1.0PDP1.0 at 1 kHz. Heating
is illustrated in solid symbol and cooling with open symbol. Reproduced with
permission from Synthetic Metals, 1999, 102, 1498-1501 (Article II).
Copyright 1999 Elsevier Science S.A.
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4.3. Macroscopically aligned hierarchical self-organized
structures (Article III)

Figure 18. Schematic illustration of PS-block-P4VP(PDP)1.0 and its chemical
formula.
The first effort towards well-aligned hierarchical materials was performed using
PS-block-P4VP(PDP)1.0. This material reminds PS-block-P4VP(MSA)1.0PDP1.0
considered in Articles I-II but it is without the acid and therefore not conducting.
The block lengths were selected to have the lamellar-within-lamellar structure. The
larger structure was formed between PS and P4VP(PDP)1.0 and the smaller
structure was inside P4VP(PDP)1.0 (Figure 18). The material was shear flow
aligned above the ODT of the small structure in order to achieve a well-aligned
large structure. When the sample was cooled down, the small structure ordered
perpendicular to the large structure. The SAXS patterns of the sample before and
after shear are presented in Figure 19. Before shearing the sample was poorly
aligned. After shearing the overall order is increased: higher orders are observable
and the intensities of the peaks are greatly increased. However, the small structure
remained unaligned. It is at right angles to the large structure but has all the
possible alignments (Figure 19 D).

− 18 −

Figure 19. SAXS patterns of PS-block-P4VP(PDP)1.0 and schematic
illustrations of the alignment before and after shear in the tangential and the
normal directions. After shearing the larger structure is aligned parallel
whereas the smaller structure is at right angles to the large structure but has all
the possible alignments, as is clear from the schematic picture in D.
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4.4. Self-organized supramolecules in the shear flow
(Article IV)

Figure 20. Schematic illustration of P4VP(PDP)1.0 and its chemical formula
To understand shearing of hierarchical structure we needed more insight into the
smaller lamellar structure based on the physical bonds of the amphiphiles i.e. how
hydrogen bonded system behaves under the oscillatory shear flow.
The properties of block copolymers (23, 27, 32, 35, 64, 65) and related side
chain liquid crystalline polymers (38, 40, 66) have been widely studied. The
alignment diagrams have been presented for PS-PI and PEP-PEE (see Introduction)
(23). We studied the hydrogen-bonded comb shaped polymer, P4VP(PDP)1.0,
which forms lamellar structures. The material was imposed to the oscillatory shear
flow and the results were compared with the studies of block copolymers and side
chain liquid crystalline polymers.
P4VP(PDP)1.0 turned out to have somewhat similar shear flow behavior as
block copolymers and side chain liquid crystalline polymers. In the linear region
the material obeyed time-temperature superposition and the parameters based on
WLF4 equation were in agreement with the results of side chain liquid crystalline
polymers (see Article IV for details).

Figure 21. The alignment diagram for P4VP(PDP)1.0. Reproduced with
permission from Macromolecules, 2001, 34, 2892-2900 (Article IV). Copyright
2001 Am. Chem. Soc.

4

WLF= Williams, Landel and Ferry
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In Article IV, an alignment diagram for P4VP(PDP)1.0 is presented (Figure 21).
Depending on the temperature, amplitude, and frequency, P4VP(PDP)1.0 shows all
the three possible alignments, which have been found for diblock copolymers. The
observed frequency regimes of the alignments were close to the behavior of diblock
copolymers.
In the low frequency regime the materials responded to the flow field of low
strain exceptionally well, resulting transverse orientation. This contrasts some of
the studies of block copolymers and side chain liquid crystalline polymers.
However, when the strain was increased the alignment turned into perpendicular, as
expected based on the behavior of block copolymers.

4.5. Macroscopically aligned hierarchical self-organized
supramolecules based on P4VP(TSA)1.0 polysalt
showing anisotropic conductivity (Article V)

Figure 22. Schematic illustration of P4VP(TSA)1.0(PDP)1.0 (case E) and PSblock- P4VP(TSA)1.0(PDP)1.0 (case F) and their chemical formulas.
To achieve globally anisotropic conductive materials, the locally self-organized
conducting and insulating domains have to be aligned. Previously people have
studied layered materials where the conductivity is anisotropic in directions
perpendicular and parallel to the layers (67). Various blending processes have been
used to achieve anisotropy (68, 69). Also rod-like materials have been studied with
several aligning methods (70-72).
PS-block-P4VP(TSA)1.0PDP1.0 was chosen as our model material for anisotropic
conductor due to several reasons described earlier in this Thesis. Before
concentrating on the conductivity of the aligned hierarchical structure we studied
the conductivity of the aligned comb-shaped supramolecular structure i.e.
P4VP(TSA)1.0PDP1.0 (Figure 22 case E) (73). The conductivity measurements for
P4VP(TSA)1.0PDP1.0 were performed using three heating and cooling cycles where
the first cycle was below the TODT (i.e. 50°C – 120°C – 60°C), the second cycle was
from 60°C – 160°C – 60°C reaching temperatures above the TODT and the third
cycle was from 60°C – 160°C – 60°C. The conductivity was studied in three
different directions i.e. tangential, normal and radial. According to SAXS, the
P4VP(TSA)1.0PDP1.0 structure was aligned parallel to the shearing plates (Article
V).
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In subsequent conductivity measurements we found that if the temperature was
kept below the TODT (i.e. 140°C) the conductivity was reversible in all the three
directions (Figure 23 A and Figure 24 A and B) during the temperature cycles. The
conductivities obeyed the VTF equation with a pseudo activation energy of 0.110.13 eV with T0 = 199K.
Upon heating above the TODT of the structure, the conductivity level was
increased in the normal direction (Figure 23 B). The increase of conductivity was
found in all the conductivity measurements in the normal direction and can be
connected to loss of alignment. During repeated cycles before the first heating
above TODT the conductivity is measured across the insulating layers (scheme in
Figure 23 A). When the sample is heated above the TODT the structure looses its
orientation and therefore the conductivity increases (Figure 23 B).

Figure 23. Conductivity of P4VP(TSA)1.0PDP1.0 in the normal direction for a
shear oriented sample. A) The solid dots represent the conductivity in heating
cycle below TODT. The open dots represent the conductivity during the first
heating above the TODT and the cooling thereafter. B) The solid dots represent
the subsequent conductivity cycles after the first heating above the TODT. In this
case the conductivity is again reproducible at this slightly higher level probably
because the protonically conducting lamellae may not be primarily oriented
perpendicular to the measurement direction. So far, we do not yet have the
SAXS data to confirm the latter hypothesis.
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Due to the parallel alignment we expected that the conductivities would be
similar in the tangential and the radial directions. The conductivities were found to
remain the same or they were reduced (Figure 24 A and B) in contrast to the
normal direction, where the conductivity was observed to increase. In conclusion,
as full reproducibility in the tangential and radial directions was not yet achieved
(probably due to problems with inserting the samples to the sample chamber
without causing deformations), we regard the above observations still preliminary
and qualitative.

Figure 24. Conductivity of P4VP(TSA)1.0PDP1.0 in A) radial and B) tangential
directions. The solid dots represent the conductivity cycles before the first
heating above the TODT and open dots represents the conductivity after the first
heating above the TODT. Figure C) shows scheme of aligned and not aligned
structure.
Instead the subsequent data deals with a more “coarse” behavior, which allows
quantitative analysis. Applying the Joncher’s universal law (61) to the frequencyconductivity data it was possible to determine the hopping frequencies in the
different directions below the TODT (Figure 25). The hopping rates of
P4VP(TSA)1.0PDP1.0 are equal in the tangential and radial directions whereas the
hopping rate is reduced in the normal direction. At temperatures close and above
the TODT, ωp shifted to frequencies above our measurement window. Similar
temperature dependency has also been reported in the literature using different
materials (60).
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Figure 25. Hopping rate of P4VP(TSA)1.0PDP1.0 along the conducting layers
and perpendicular to them. In the inset there is the conductance (G) as a
function of frequency at various temperatures.
When hierarchy was additionally invoked to the structure (Figure 22 case F) i.e.
PS-block-P4VP(TSA)1.0PDP1.0 the conductivity level was lower in the poorly
aligned sample (Figure 26) as compared to the conductivity level of
P4VP(TSA)1.0(PDP)1.0, However, after the two-stage aligning process, where the
larger structure was first aligned above the TODT of the smaller structure and then
below TODT of the smaller structure (see Article V for details) the conductivity level
was enhanced to the same level as for the P4VP(TSA)1.0(PDP)1.0 in spite of its
lower concentration. The conductivity has the highest value along the aligned
conducting nanoslabs (Figure 26 case 1) and the lowest value across the insulating
PS layers (Figure 26 case 3).
The hopping rates presented in Figure 27 are in agreement with the conductivity
data. The hopping rate has the largest value along the direction of the conducting
nanoscale slabs and smallest across the insulating PS layers. In PS-blockP4VP(TSA)1.0PDP1.0 the value of ωp increases as the temperature is raised. At high
temperatures we were not able to determine ωp because its value had shifted away
from the measurement region.
The anisotropy in the values is not large, but it is clear. By selecting other
materials it may be possible to increase the difference in conductivity between the
insulating and conducting directions. This study shows that it is possible to achieve
tridirectionally anisotropic materials in relatively straightforward way in soft
polymeric materials.
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Figure 26. The conductivity of PS-block-P4VP(TSA)1.0PDP1.0 as a function of
1/T. The corresponding measurement directions are also shown. Case 4
represents the conductivity of poorly aligned structure.

Figure 27. The hopping rates of PS- block -P4VP(TSA)1.0PDP1.0 as a function
of temperature. In the inset there is the conductance (G) as a function of
frequency at various temperatures.
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5. “Hairy tubes” – a route towards mesoporous
materials with functional surfaces (Article VI)
Finally we show another scheme to use the self-organized materials of this Thesis.
We represent our method to achieve mesoporous materials (Article VI) based on
selective solvent and the physical nature of hydrogen bonds.

5.1. Shear flow alignment of the asymmetric PS-blockP4VP(PDP)1.0 structures
Asymmetric block copolymer structures under shear flow have been investigated
using poly(ethylene propylene)-block-poly(ethylethylene), PEP-PEE, where PEP
formed the stiff matrix and PEE soft rods inside it (74-78). It was suggested that
mechanical contrast plays an important role in alignment of the cylinders. It was
easier to align a soft material in a stiff matrix than vice versa. As a result the
cylinders were aligned along the shear flow.
For Article VI the block lengths were chosen to obtain lamellar-within-cylinders
structure, where PS forms the matrix with P4VP(PDP)1.0 rods inside (Figure 28).
Because PDP decreases the glass transition temperature of the P4VP block to below
room temperature (79) whereas the polystyrene part softens around 90°C, our
material is in some sense similar to PEP-PEE. At the shearing temperatures 120°C,
the polystyrene forms the stiff matrix with soft rods of P4VP(PDP)1.0 aligned along
the shear flow.

Figure 28. A procedure to prepare hairy tubes. A) A TEM image of lamellarwithin-cylinder structure (15), B) chemical formulas and C) a schematic
illustration of the structure. D) An illustration of the structure after amphiphile
removal leading to P4VP brushes at the walls of the hollow cylinders i.e. socalled hairy tubes. TEM by J. Ruokolainen.
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5.2. Nanoporous materials
A lot of research is done in the field of nanoporous (or equivalently mesoporous)
materials (for different methods see the introduction of Article VI). For example
nanoporous materials (pore size 20-500 Å) have been prepared from block
copolymers via photo-crosslinking and ozonolysis (80). On the other hand,
materials have been constructed using assemblies of surfactants and block
copolymers in the synthesis of inorganic materials (81-83). Different kinds of
degradation processes have been presented to obtain nanoporosity (84, 85). A new
application has been to prepare so-called low dielectric material for electronics,
based on self-assembly and selective removal of materials (86, 87).
In our case we can exploit the physical nature of the hydrogen bonds. Because
they are not permanent, it is possible to remove the side chains afterwards
particularly easily resulting in a controllable porosity inside of the material. This
method is relatively straightforward producing material with pores with high
density of polymer chains at the walls. The concept is versatile with the additional
possibility to functionalize the inner wall of the pores.
We have used the concept further to prepare other types polymeric nanoobjects, nanofibers by applying the same method to material with opposite i.e.
cylinders-within-lamellar structure. (88)
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6. Discussion
In this Thesis we study nanopatterned polymeric materials based on selforganization of comb-shaped supramolecules. We induce overall alignment of the
structures, thus leading to materials that allow control of protonic conductivity in
three dimensions as well as nanoporous materials.
We started with protonically conducting hierarchically self-organized
supramolecules with a peculiar conductivity behavior. This structure is, however,
not macroscopically aligned and therefore the conductivity is isotropic throughout
the sample. In order to macroscopically align the nanostructures and to study the
conductivity along the different orientations we have investigated the structures
under a shear flow.
First alignment efforts were performed with using the simple hierarchical selforganized supramolecular material, i.e. lamellar-within-lamellar structure, without
protonically conducting salts. Then we proceeded to investigate the inner structure
of this hierarchical material based on hydrogen-bonded amphiphiles under an
oscillatory shear flow. We constructed an alignment diagram and compared the
results with knowledge from block copolymers and side chain liquid crystalline
polymers.
Finally we have presented macroscopically aligned protonically conducting
hierarchical self-organized supramolecules, which are globally tridirectional
conductors with anisotropic hopping conductivity. Both the smaller and the larger
structures are first shear flow oriented. The conductivity of this hierarchically
structured material is analyzed and it is found that the oriented nanostructures
reflect the global conductivity. The conductivity has the lowest value in the
insulating direction and the highest value in the conducting direction. So far the
conductivity level in our model material was not high compared to the best existing
protonic conductors, but it demonstrates that the manipulation of conductivity is
possible using nanostructures.
In the end, we briefly studied asymmetric structures i.e. lamellae inside of
cylinders and found a method to achieve mesoporous materials. We imposed the
material containing hydrogen-bonded amphiphiles in selective solvent and rinsed
off the amphiphiles. The resulting material consists of a solid polymer matrix with
polymer hairs on the walls of empty cylinders.
The results of this Thesis show that materials, which are relatively simple to
produce, allow tailored properties due to their aligned self-organized nanoscale
structure. In order to produce large amounts of aligned material some other
methods than oscillatory flow are desirable. Such methods might be electric or
magnetic field that suggests a logical continuation of the topics discussed in this
Thesis.
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Abstracts of publications I-VI
I. It is demonstrated that polymeric supramolecular nanostructures with
several length scales allow straightforward tailoring of hierarchical orderdisorder and order-order transitions and the concurrent switching of
functional properties. Poly(4-vinyl pyridine) (P4VP) is stoichiometrically
protonated using methane sulphonic acid (MSA) to form P4VP(MSA)1.0
which is then hydrogen bonded to pentadecylphenol. Microphase
separation, re-entrant closed-loop macrophase separation, and high
temperature macrophase separation are observed. When methane
sulphonic acid and pentadecylphenol are complexed to the P4VP block
of a microphase separated diblock copolymer poly[styrene-block-(4-vinyl
pyridine)], self-organized structures-in-structures are obtained whose
hierarchical phase transitions can be controlled systematically. This
microstructural control on multiple length scales (resp. 40 and 350 Å) is
then used to introduce temperature dependent transitions in electrical
conductivity.
II. Supramolecular hierarchical conducting nanostructures are obtained by
complexing amphiphilic oligomers with block copolymers. Nominally
each pyridine group of poly(styrene)-block-poly(4-vinyl pyridine), i.e.
(PS-block-P4VP), is first protonated by methane sulphonic acid (MSA)
to yield PS-block-P4VP(MSA)1.0. It is further hydrogen bonded with
stoichiometric amount of pentadecyl phenol (PDP) to form PS-blockP4VP(MSA)1.0(PDP)1.0. The polyelectrolytic domains are subject to
reversible phase transitions from ”semi 1d” slabs to 2d lamellae and
further to 1d cylinders upon heating. The transitions manifest in the
thermally activated conductivity. Extension to conjugated polymers is
discussed to achieve temperature controlled switching based on
electronic conductivity
III. Macroscopic orientation of self-organized supramolecular polymeric
materials has been demonstrated by oscillatory shear flow using in-situ
small angle X-ray scattering (SAXS). In the case when a homopolymer
poly(4-vinylpyridine) and pentadecylphenol are stochiometrically
complexed to form a comb copolymer-like complex, the self-organized
lamellar local structures align parallel when sheared below the orderdisorder transition temperature at 60 oC using 1 Hz frequency and 100 %
strain amplitude. Therefore the hydrogen bonds between the phenolic and
pyridine groups are strong enough to withstand the applied flow. In the
case of a diblock copolymer of polystyrene and poly(4-vinylpyridine)
stoichiometrically complexed with pentadecylphenol, the selforganization yields lamellar-within-lamellar local structure near room
temperature. The larger lamellar diblock copolymer structure showed a
parallel orientation upon shearing at 125 oC (i.e. above the order-disorder
transition of the short length scale comb copolymer-like structure) with
0.5 Hz and 50 % strain amplitude. On cooling the short length scale
lamellar structure, consisting of poly(4-vinylpyridine) block and
pentadecylphenol, is formed inside the layers of the comb copolymer-like
material in perpendicular orientation

IV. In this work we present the rheological phase behavior of comb
copolymer like supramolecules P4VP(PDP)1.0, obtained by hydrogen
bonding between poly(4-vinyl pyridine) and pentadecylphenol, during
large amplitude oscillatory shear flow experiments over a broad range of
frequencies (0.001Hz – 10Hz). The phase diagram, presenting the
macroscopic alignment in T/TODT vs. ω/ωc , contains three regions of
parallel alignment separated by two regions of perpendicular alignment.
For our material the order disorder temperature TODT = 67oC and ωc, the
frequency above which the distortion of the chain conformation
dominates the materials’ viscoelasticity, is around 0.1Hz at 61oC. The
high frequency region of perpendicular alignment, not present in the case
of diblock copolymers like polystyrene-block-polyisoprene, is likely due
to the comb copolymer architecture. For the first time flipping from a
stable transverse alignment via biaxial transverse / perpendicular
alignment to a perpendicular alignment as a function of the strain
amplitude was found.
V. (First paragraph) Hierarchical polymeric materials i.e. stucture-withinstructure morphologies have interested people due to their potential as
functional materials. In this communication we have constructed an
assembly of nanoscale protonically conducting “wires” using hierarchical
self-organization of polymeric supramolecules. The supramolecules
consist of poly(styrene)-block-poly(4-vinyl pyridine), i.e. PS-blockP4VP, where the latter block forms stoichiometric acid-base complex
with toluene sulphonic acid (TSA) which is, in turn, stoichiometrically
hydrogen-bonded with pentadecylphenol (PDP), i.e. PS-blockP4VP(TSA)1.0(PDP)1.0. In an effort to achieve “a monodomain”, the local
structures are aligned globally by shear flow resulting in conductivity
enhancement. Protonic transport is macroscopically tridirectional, being
largest along the “wires” both below and above the glass transition. The
nanoscale structures thus allow tuning of the protonic conductivity and
anisotropy in soft materials where the structures have been globally
aligned.

VI. (First paragraph) Self-organization leads to nanoscale polymeric
structures based on competing interactions and incorporation of several
schemes of self-organization renders hierarchical structures. Previously
we have introduced a concept where amphiphilic molecules are
physically bonded selectively to one block of a block-copolymer to form
specific receptor-substrate supramolecules and they self-organize to
form structure-within-structures. Here we demonstrate that the scheme
allows the preparation of mesoporous materials. The starting material is
diblock copolymer polystyrene-block-poly(4-vinyl pyridine), PS-blockP4VP, with a stoichiometric amount of pentadecyl phenol, PDP,
hydrogen bonded to the latter block. The block lengths have been
selected to render a lamellar-within-cylindrical morphology, where the
P4VP/PDP-blocks form cylinders within the rigid glassy PS-medium and
where the P4VP/PDP-complexes, being of a comb-like architecture, selforganize as lamellae within the cylinders. In addition to such a local

order, we accomplish overall orientation by applying an oscillatory shear
flow to align the cylinders. The orientation is verified using small angle
X-ray scattering (SAXS). Hollow cylinders with P4VP brushes at the
interior walls are achieved in a straightforward way by dissolving the
PDP molecules away from the cylinders, as shown by SAXS and FTIR.
Such “hairy tubes” open possibilities for controllable mesoporous
membranes as the conformation of the brushes depends on the solvent. In
addition, P4VP further allows chemical modification to tailor the
membranes.

